Reduction of plate vibration and acoustic radiation at low frequencies using adaptively controlled boundaries is experimentally demonstrated. The control is based on changing the clamping pressure at the boundaries of the plate to continuously detune the plate resonance frequencies from the frequency of pure-tone excitation. Results are presented for the control of plate vibration with constant and varying frequencies of excitation and for the control of acoustic radiation with constant frequency excitation.
modes of a plate are sensitive to boundary conditions. This sensitivity is exploited in a laboratory demonstration in which the clamping pressures at the plate boundaries are adaptively controlled to continuously detune the plate resonance frequencies from the frequency of excitation and thereby reduce the plate vibration and acoustic radiation.
The effects of the passive control of structural properties on the acoustic response of structures were considered by Liang et al.
•0 and Saunders et al. TM Both considered the effects of shape-memory alloys on changing frequencies and mode shapes of resonance of composite structures. Liang et al. used embedded shape-memory alloy fibers to control acoustic radiation and transmission of a composite panel. Shape-memory alloy fibers embedded in a composite beam were used by Saunders et al. to detune the resonance frequencies from the excitation frequency to reduce acoustic radiation. However, it is not always possible or cost effective to embed fibers in a structure to achieve acoustic control. Therefore, to remove the need to embed fibers in the structure, the effects of controls local to the boundaries of the structure are considered in this paper.
The experiment used to demonstrate the adaptive control a)Present address: Oxford Speakers, Chicago, IL 60637.
is described in Sec. I. Section II outlines the control strategy, while results of both vibration and acoustic radiation control of the plate are given in Sec. III. Conclusions and recommendations for further research on controlling plate vibration and acoustic radiation are given in the last section.
I. DESCRIPTION OF THE EXPERIMENTS
A rectangular aluminum plate was mounted in the top of a rectangular steel box which contained hydraulic pistons at the four corners. The purpose of the pistons was to vary the clamping pressure at the edges of the plate. A schematic diagram of the system is given in Fig. 1 . The dimensions of 1 the plate were 0.013X0.61X0.91 m (• in. X2 ftX3 ft). The plate was mounted between two steel frames. The upper frame was bolted to the top of the box, and the lower frame rested on the four hydraulic pistons located under the four comers of the frame. The edges of the plate were fitted with aluminum strips milled to a sharp edge, which rested in grooves cut in the frames as shown in Fig. 2 . These strips were used to reduce the damping of the plate by diminishing the amount of contract between the plate and the frames, thereby reducing the energy lost at the edges of the plate. The use of these strips resulted in the measured damping loss factors shown in Fig. 3 .
The plate was excited by a Wilcoxon Research F4 shaker mounted directly to the plate. The shaker was also fitted with a Wilcoxon Research Z820 impedance head to provide input information for the control system. The hydraulic pistons, which provided pressures at the plate boundaries, were located inside of the box underneath the lower frame. The hydraulic pistons forced the lower frame up against the upper frame, which allowed for variable clamping pressures over the boundaries of the plate. This clamping pressure changed the boundary conditions to detune the frequencies of resonances of the plate from the excitation frequency.
A Vicker EHST-3 hydraulic pressure control value provided the interface between the electronic system and the hydraulics. This control value regulated the pump pressure from 90 to 900 psi in proportion to the input voltage from the electronic control system. A totally released state, which simulated free boundaries, was not directly obtainable using the electronic pressure control, so a 300-lb weight was attached to the lower frame to release the pressure at the edges of the plate when the hydraulic pressure was lowest (90 psi). Even with this weight, a pump pressure of 900 psi resulted in nearly clamped boundary conditions. For simplicity, the 90-psi condition will be referred to as "free" and the 900-psi condition will be referred to as "clamped," although neither is ideal.
The adaptive control was implemented with a Motorola DSP56000ADS digital signal processing board. The DSP56000 is a 56-bit general purpose digital signal processor which was interfaced with a personal computer. The assembly language code was written on the computer and then downloaded to the board. The adaptive control algorithm will be discussed in Sec. II.
The input analog signal from the control accelerometer or microphone was converted to a digital signal that the DSP board could use, and the digital output signal from the board was converted to an analog signal sent to the hydraulic pump. This was accomplished using an Ariel ADC56000 I/O board, which was designed to interface directly with the Motorola DSP56000. The ADC56000 allowed two channels of adaptively controlling the plate, and is well suited for use with modern signal processing hardware. For controlling the boundary conditions of the plate, the input data, which was either acceleration in the case of vibration control or acoustic pressure in the case of acoustic radiation control, was sampled at a rate of 1 kHz. The control output was sent directly to the hydraulic pressure control which produced a hydraulic control pressure proportional to the control signal voltage.
analog-to-digital (A/D) and digital-to-analog (D/
To determine if the control signal should be incremented or decremented, the algorithm averaged the input data over time and then compared it to the previous average. If the new average was less than the old average, the boundary clamping pressure had produced a decrease in the vibration level of the plate, which meant that control signal was changed in the "right" direction. If however, the new average was greater than the old average level, the change in clamping was in the "wrong" direction. The controller then changed the control signal in the opposite direction. By continuously taking averages and making corrections to the control signal, the algorithm was able to find the minimum vibration response or acoustic radiation of the plate at the error sensor. This process was continued so that a minimum response was maintained in the presence of changes in the drive frequency.
Three versions of this algorithm were implemented. The first version was implemented with a constant increment or step size. This version converged slowly, and once converged would oscillate about the final converged value. This behavior resulted since every change in the vibration response produced a change in the control signal. The second version of the algorithm took this into account by only incrementing or decrementing the control signal if the difference between averages was larger than a preset value determined by trial and error. This version of the algorithm worked better, but still converged slowly in some cases. The third and final version of the algorithm determined the step size by scaling it to the difference between consecutive averages. The absolute value of the difference between successive averages was multiplied by 14 (determined by trial and error) to determine the magnitude of the step size. This allowed for faster convergence by finding the minimum level more quickly, and was more stable. reaching the lower edge pressures needed to "unclamp" the plate and achieve the expected reduction. This was due to the inability of the hydraulic system to consistently release fully when driven electronically to achieve a free condition. This also lengthened the time required for the controller to converge for the clamped resonances as opposed to the free resonances, where the convergence was faster.
B. Variable frequency vibration control
In a number of applications, the structure to be controlled may be excited by a variable frequency source. To achieve control with a varying frequency excitation, the controller was run continuously while the excitation swept once from low to high frequency through a preset band about a resonance peak. Typical results for sweeping with and without control can be seen in excitation. These results, however, are for control at a singlemeasurement location which does not guarantee global radiation control. Although changing the boundary conditions to detune the plate probably resulted in less radiation globally since the plate was being forced in a condition where it vibrated less efficiently, experimental confirmation is required.
IV. CONCLUSIONS AND RECOMMENDATIONS
It has been verified that controlling plate vibration and acoustic radiation by adaptively varying the boundary conditions is possible. The plate can be continuously detuned from resonance for both constant frequency and, more importantly, variable frequency excitation. This type of control was effective at low frequencies where traditional passive methods of noise control fail. Because the method depends on shifting resonance responses, it is likely not to be effective at higher frequencies where high modal overlap is usually prominent.
One of the main limitations encountered was the method of clamping the plate edges. Hydraulics were used purely for demonstration purposes. Noise from the pump prevented control of acoustic radiation with a variable frequency source. Clearly, improvements in the actuator at the plate boundaries are required before this technique can be implemented outside the laboratory. It may be possible to employ shape-memory alloy fibers at the edges of plates to achieve the desired control.
Improving the control algorithm should also be investigated further. For this research it was left as simple as possible since the objective was to demonstrate that boundary control could be effective in reducing vibration and radiation from plates. Another possibility would be to minimize the acceleration at multiple points over the plate surface in an attempt to achieve more global reduction. As well, further study should be done with the current control method to determine global effects of controlling with only one error sensor.
Combining passive and adaptive controls would prove to be an effective means of noise control over wide frequency ranges. The technique presented in this paper would prove especially useful in situations where machinery attached to a resonant plate provides a variable frequency excitation to the plate.
